The optical properties of plasmonic dipole and bowtie nanoantennas are investigated in detail using the Green's tensor technique. The influence of the geometrical parameters (antenna length, gap dimension and bow angle) on the antenna field enhancement and spectral response is discussed. Dipole and bowtie antennas confine the field in a volume well below the diffraction limit, defined by the gap dimensions. The dipole antenna produces a stronger field enhancement than the bowtie antenna for all investigated antenna geometries. This enhancement can reach three orders of magnitude for the smallest examined gap. Whereas the dipole antenna is monomode in the considered spectral range, the bowtie antenna exhibits multiple resonances. Furthermore, the sensitivity of the antennas to index changes of the environment and of the substrate is investigated in detail for biosensing applications; the bowtie antennas show slightly higher sensitivity than the dipole antenna.
Introduction
Over the last 10 years there has been a surge of research in the optical properties of metallic nanoparticles [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Properly designed nanostructures are known to produce so called hot spots where the incident electromagnetic field is enhanced by several orders of magnitude. The plasmonic resonances observed in such structures open the possibility to build antennas operating in the visible [11, 12] . Their hot spots can be used to trigger nonlinear effects and to couple electromagnetic radiation efficiently between the antennas and dipole emitters. Experimental techniques such as tip enhanced Raman spectroscopy or surface enhanced Raman spectroscopy demonstrate the potential of such hot spots to detect radiative emitters with sensitivity down to a single molecule [13] [14] [15] [16] [17] [18] [19] . The enhancement of the fluorescence of molecules placed near a plasmonic nanostructure has been observed recently, tuning the plasmon resonance either to the excitation or the emission of the molecules [20] [21] [22] [23] .
The optical properties of different types of antennas have been discussed over the last few years [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Two geometries, i.e. the dipole and the bowtie antennas, appear to combine in a unique way the formation of a strong hot spot in their gap and the tunability of their resonance. The strong field enhancement of dipole antennas has readily been shown by white light continuum generation [12] . Bowtie antennas have recently been used as near-field probes and for nanolithography [35, 36] . The potential of both structures for the enhancement of the fluorescence of molecules has also been demonstrated [37] [38] [39] . However a detailed analysis and comparison of the optical properties of both antenna structures as a function of their different geometrical parameters is still lacking in the literature. The aim of this paper is to provide such a detailed analysis. The paper is organized as follows: Section 2 describes the model used; the response of dipole and bowtie antennas is discussed in Section 3 and a conclusion is presented in the last section.
Method and geometry
The Green's tensor method is used to calculate the optical response of gold dipole and bowtie antennas [40] [41] [42] . The real and imaginary parts of the gold dielectric function are obtained from experimental data [43] . To account for a realistic environment the antennas are supported by a substrate with index of refraction n s and covered with a material with index n env . It is essential to consider such environment material for applications in biosensing, where the antenna might be immersed in water or another liquid. If not specified otherwise the calculations are performed for a substrate index n s = 1.5 and an environment index n env = 1.0. The structures are illuminated from below through the substrate, perpendicular to the antenna long axis and at an angle of incidence θ = 70 • to the vertical axis, to fulfill the attenuated total reflection condition at the glass/air interface, as illustrated in Fig. 1(b) . The incident field E 0 is polarized along the long axis of the antenna. As pointed out in the introduction, the gap represents an essential feature of the antenna structure. To characterize the spectral response of the antenna and its intensity enhancement we therefore calculate the field intensity inside this gap in relative units to the illumination intensity I 0 in the substrate. The antennas are discretized with 10x10x10nm 3 meshes, which leads to the following bow angles α for the bowtie antenna: Fig. 1 be achieved with modern fabrication techniques. The mesh used for the calculation provides an accurate description of the antennas; the interested reader is referred to Refs. [44, 45] for discussion of the convergence of the method and to Ref.
[46] -especially Fig. 11 -for a discussion of surface roughness and local field enhancement.
In the next section, we study the spectra of dipole and bowtie antennas as a function of the following geometrical parameters: Antenna length l, gap width g, substrate index n s and environment index n env , Fig. 1 
(b).

Results and discussion
The geometry of the antenna strongly influences its optical properties as indicated in Figure 2 , which shows the calculated intensity spectra in the antenna gap for the dipole antenna and for the bowtie antennas with the bow angles α 1 -α 4 . In the spectral range of the calculation, the dipole antenna has one resonance at 760nm, where the field intensity in the gap is about 280 times larger than the intensity of the illumination field. The bowtie antennas produce a lower field in their gaps (about 50-150 times the illumination field intensity). Figure 2 indicates that the dipole antenna is essentially single mode, while the bowtie antennas exhibit several resonances, whose spectral positions depend on the bow angle α. However, a clear trend between bow angle and field enhancement in the bowtie antennas cannot be observed. At the smallest bow angle α 1 , where the bowtie antenna resembles most the dipole antenna, its spectrum approaches most the spectrum of the dipole antenna. The strongest field enhancement is observed for the bow angle α 3 = 90 • , Fig. 2 
(a).
The movies in Figs. 3 and 4 show the near-field intensity in a parallel plane 20nm above the structure as a function of the illumination wavelength. Each resonance corresponds to a specific mode in the near-field. Note that the asymmetry of the near-field along the y-axis is due to the inclined illumination. The bowtie antennas seem to provide a better localization of the field inside the gap, with less field enhancement at the external edges than observed for the dipole structure. However, the field intensity inside the gap of the dipole structure is larger than for the bowtie structures, as can also be seen from the spectra in Fig. 2 . The dotted line in Fig. 2(b) represents the intensity at the external edges of the dipole antenna. The intensity in the gap of the dipole antenna is thus about five times larger than at the edges of the antenna. To illustrate remaining of the paper we will concentrate on the bowtie structure with a bow angle α 3 = 90 • , which produces the largest field enhancement. The influence of the antenna length on the resonance spectrum is investigated in Fig. 6 . Note the different intensity scales of the dipole and bowtie antennas, as well as the different intensity scales for the short (l=110nm and l=130nm) and for the long antennas, Figs. 6(a) and (b) . Two resonances are observed for the short dipole antennas. In that case, the geometry resembles more that of two coupled nanoparticles, supporting two plasmon modes [47] . The low energy mode shifts very rapidly to the infrared when the structure length increases.
Longer dipole antennas (l ≥ 150nm) exhibit one strong resonance which slightly red shifts when the antenna length increases. This effect is investigated in detail in Fig. 7(a) , which shows the spectral position of the resonance as a function of the antenna length. For the dipole antenna, the resonance shifts linearly with the antenna length, with a proportion of 2.1 [wavelength/antenna length]. This trend is less obvious for the bowtie antenna, Fig 6(b) . While very short antennas show again two peaks, longer bowtie antennas clearly exhibit a multimode behavior with several peaks. Tracking the resonance wavelength of the strongest mode leads to the scattered data in Fig. 7(a) . However, by analyzing each resonance individually, one can recover a well defined trend, as indicated in Fig. 8 . The three main resonances identified in Fig.  8(a) for an antenna length of l=210nm shift almost linearly with the antenna length, Fig 8(b) . The coefficients (between 1.8 and 2.5 [wavelength/antenna length], depending on the resonance Fig. 8(b) ) are comparable to that of the dipole antenna. Figure 7 (b) shows the relative field enhancement in the gap as a function of the antenna length. Both antenna types clearly exhibit a linear increase of the field intensity for the range of calculated lengths. The physical origin for this effect is connected to the coupling strength of the two antenna arms. As a matter of fact, the resonance wavelength of a long antenna is larger than that of a short antenna. Hence, the gap has a smaller effective length for the larger antenna, which results in a stronger coupling between both arms. Note also in Fig. 7(b) that the increase of the field as a function of the antenna length is much stronger for the dipole antenna. However, the increment of the field in the gap of the dipole antenna is much stronger than that of the bowtie antenna. For the shortest antenna length (110nm) the field is about the same for both structures, whereas for the longest antenna (300nm) the dipole enhancement is about three times higher than the bowtie enhancement. Stronger field enhancements can be achieved by decreasing the width of the gap. The resulting spectral response is calculated in Figs. 9(a) and (b) . Note the logarithmic intensity scale for the color plots. The spectral position of the dipole resonance and of the three main bowtie resonances as a function of the gap width is shown in Fig. 9(c) . For decreasing gap widths the dipole resonance shifts to the red just as observed experimentally for nanodiscs by Rechberger et al. [48] . On the other hand, the spectral position of the bowtie main resonance remains rather constant. Both dipole and bowtie antennas exhibit a strong increase of the field inside the gap for decreasing gap width, as shown in Fig. 9(d) . Again this effect is much stronger for the dipole antenna than for the bowtie antenna.
Another interesting effect is visible in Fig. 9 (c): For decreasing gap width, the resonance wavelength of the dipole antenna shifts towards that of a monopole antenna with the corre- sponding length (l=200nm) indicated by a dot in Fig. 9(c) . This effect is not observed for the bowtie antenna. This is probably because in the case of the bowtie geometry, the structure for touching arms (g=0) is not similar to one individual arm, as is the case for a dipole antenna. Overall, the spectrum of the bowtie antenna appears to be more determined by the resonance of the the two triangular arms, rather than by the coupling between them. At microwave or radio frequencies, the substrate index n s has a strong influence on the resonance spectrum of the antenna [49] . This dependence is in general used to design small antennas with dimensions well below the half wavelength condition. The same effect can be observed in Fig. 10 for optical resonant antennas: An increasing substrate index leads to a red shift of the antenna resonance. At optical frequencies the antenna dimensions are as small as a few tens of nanometers, i.e. below the half wavelength condition [50] and at the limit of today's fabrication techniques. Hence designing smaller antennas by using high index materials as substrate does not seem to be of great practical interest presently.
Much more interesting is the antenna sensitivity to changes of the environmental index of refraction n env . As shown in Fig. 11 the spectral positions of the dipole and the bowtie resonances strongly depend on n env . Figure 12 on its gap width: Decreasing the gap width increases the antenna sensitivity as shown in Fig.  12(a) . For the bowtie antenna this dependence cannot be observed, Fig. 12(b) . All investigated bowtie antennas show a slightly higher sensitivity than the dipole antenna (500-510RIU −1 vs. 400-490RIU −1 ). We assume that this sensitivity is related to the spectral position of the antenna resonance. The further the resonance wavelength is shifted to the red, the higher the antenna sensitivity on index changes. Since we have shown previously that the resonance position of the bowtie antenna remains constant for changing gap widths, the sensitivity to the environment is not changing either for different gaps. 
Conclusion
We have investigated numerically the optical properties of plasmonic dipole and bowtie nanoantennas with different bow angles as a function of the antenna length, gap, substrate and background indexes. The bowtie antenna supports multiple resonances in the examined spectral range, leading to a rather broadband response. The three main resonances appear to be very sensitive to changes in the antenna geometry. Bowtie and dipole antennas turn out to have similar tuning capabilities with their length. However, the spectral position of the dipole resonance depends much stronger on the gap width than it is the case for the bowtie antenna, where almost no spectral shift could be observed. Interestingly the field enhancement is much stronger for the dipole than for the bowtie antenna. Even though the calculated bowtie structures have a sharper tip (20nm) than the calculated dipole structures (40nm), the intensity enhancement in the dipole gap reaches values that are three times higher than that of the bowtie antenna. Despite the stronger field enhancement of the dipole antenna, the bowtie structures show stronger sensitivity to environmental index changes. To the best of our knowledge this is the first detailed comparison of the optical properties of dipole and bowtie antennas. The results of this article should be useful for choosing the best suited antenna geometry for a given application.
